T he purpose of this study was to develop a method for habituati ng pigs (Su s sc ro fa d o m e stic a , middle white strain ) to enable non-invasive, biophysical measurements of dorsal skin to be obtained on a daily basis over a 7-week period, thus eliminating the need for anaesthesia or restraint. T his was accomplished by associating measurements of transepidermal water loss (T EWL) and skin reflectance spectroscopy (SRS) with feeding times, and with positive reinforcement by allowing exercise outside the home pen. During the pig habituati on period, a well-defined series of behavioural changes were observed that included dominant = submissive leadership changes. Values of T EWL (6.29 1.25 g.m 72 .h 71 ) were in agreem ent with previous studies (7.56 2.90 g.m 72 .h 71 ) obtained from unrestrained Yucatan hairless micro-pigs (Gabard e t a l. 1995 ). T he coefficient of variance of T EWL and SRS measurements were comparable with those reported previously using anaesthetized pigs (Chilcott e t a l. 2000). T hese data imply that biophysical skin measurements obtained from unrestrained, conscious anim als are comparable to those obtain ed from anaesthetized pigs and therefore, support the use of unrestrained pigs for non-invasive biophysical skin measurements. Habituatin g anim als for in-pen, non-invasive, biophysical measurements has substant ial implicati ons for reducing and refining laborat ory animal experiments in dermatological research without compromising anim al welfare. (2001) 35, 230 235 C o rre spond e nc e to : R. P. Ch ilco tt E-m a il: rc hilco tt@d e ra .gov.uk
Domestic pigs (Sus scro fa d o m e stic a ) have been extensively used in biomedical research as a model for human skin (Montagna & Yun 1964 , Lavk er e t a l. 1991 ). Until relatively recently, the most common method of determining skin dam age has been by histopathological analysis, which normally requires the anim al to be culled (Rice e t a l. 2000) . Recent advances in biophysical technology such as measurements of T EWL and SRS offer non-invasive alternat ives for assessing skin dam age (Chilcott e t a l. 2000 ) . Whilst such techniques offer many potential advan tages for the anim al's welfare, there is a problem in that the pig must be stationary during the measurement period (which can take up to 15 min).
A suitably quiescent animal may be obtai ned by terminal anaesthesia (euthanasia), anaesthesia with recovery, forceful restraint or habituati on. Euthanasia is not an option for long-term studies that require daily measurements, as unacceptably large numbers of anim als would be required. Daily administration of an anaesthetic would produce an unacceptabl e health risk to the animal and would also induce considerable stress. Restraint using standard husbandry procedures such as a nose snare has also been shown to be stressful (Parrot t & Lloyd 1995 ) . Snaring does not lend itself well to most experimental procedures, as it does not facilitate the easy operation of equipment.
T herefore, habituat ing pigs to both the operator and procedure would appear to be both the most logical and the preferred option.
Previous studies have demonstrated that pigs can be conditioned to biophysical skin measurements without restraint for up to 7 days (Gabard e t a l. 1995 ). However, this period would be insuf®cient to fully monitor skin dam age and repair after exposure to a severe irritant such as sulphur mustard (Mellor e t a l. 1991 ) . T herefore, the aim of this study was to habituat e pigs to dai ly, noninvasive, biophysical skin measurements over a 7-week period. T he results were compared to previous measurements obtain ed from anaesthetized animals (Chilcott e t a l. 2000).
Materials and methods
Six fem ale pigs (Sus sc ro fa d o m e stic a , middle white strain ) were purchased from Highgate Farm, Lincolnshire, UK (weight range 26± 47 kg) and were pair-housed in large, strawbedded pens that allowed access to water a d lib itum . T he pens were enriched with play items (Internati onal Market Supply, Cheshire, UK) and were subject to a 12 = 12 light = dark cycle at a temperature of 18±20 C (50 5 % relative humidity). All procedures were subject to scrutiny by the CBD Porton Down Animal Ethics Committ ee prior to approval by the Home Of®ce.
From the day of arrival, a daily routine was establ ished that involved a 2±3 h`play time' in the morning. T his was followed by 2 h rest, prior to a 2±3 h feeding period. Animals were fed in pairs with either`wet' feed (250 g of a customized wheat = ®shmeal-based mixture (CBD Animal Services) in 5 l water) placed into an aluminium trough, or were encouraged to forage by spreading 250 g of dry' feed around the pen. Initiation of feeding time was signalled by placing a trolley containing biophysical monitoring equipment next to each pen. In order to enforce association of the equipment with feeding, anim als that vocalized for food in the absence of the trolley were not fed until they were quiet, whereupon the trolley was stationed outside their pen and feeding was commenced. Pairs of animals were fed in the sam e order each day. T his routine was performed for 14 days, after which measurements of T EWL and SRS were introduced and conducted during the feeding period for the duration of the study. A record of each animal's behavioural response was maintained for the duration of the study.
Measurements of T EWL were obtained with a calibrated ServoMed EP-3 Evaporimeter (ServoMed, Sweden). T he instrument was turned on for the duration of the study and was manually set to zero, daily. In order to lim it draught art efacts, a 2 l plastic beaker was placed over the measurement probe. T he probe was allowed to equilibrate with the skin for approximately 45 s prior to a brief (10±15 s) measurement period, as prescribed in current guidelines (Pinnagoda e t a l. 1990 ). Skin re¯ectance spectroscopy was conducted using a Minolta CM-503i hand-held re¯ectance spectrophotometer (Minolta UK Ltd, England), reporting in CIELAB (L * a * b * ) colour space mode (standard d = 8 geom etry) after white calibration before each set of measurements.
Biophysical measurements were taken from circular (5 cm diameter), close-clipped areas of dorsal skin that were outlined using a ®ne, indelible black pen. Each site was close-clipped weekly (during play time) to ensure good contact with the T EWL probe or SRS meter.
Results

Be h a vio ura l o b se rva tio ns
Substantial changes in the pigs' behavioural response to human contact were recorded during the 14-day habit uation period (Fi g 1). T he anim als were initially fearful of human contact and retreated to the furthest corner of the pen. T he ®rst response made by each experimenter as part of the habituati ng process was to simply enter the home pen and then minimize body size by crouching on thē oor (Fig 1, stage 1) . It was noted that usually the submissive animal (of each pair) would be the ®rst to tentatively approach the experimenter and would do so within 5±10 min. T his ®rst contact time could be reduced by the experimenter staring at the¯oor whilst appearing to gently forage through the straw bedding. Within 20±30 min, each pair of anim als would appear comfortable with the experimenter, provided (s)he made no movement.
On day 2, non-threatening movements (e.g. slowly offering a hand to smell) were made towards the animals. T his was usually met with an apprehensive response from the animal such as rapid grunting and retreat (Fi g 1, stage 2).
On the third day, the animals were suf®ciently receptive to allow brief physical contact with the experimenters. At this point (Fig 1, stage 3) , the anim als exhibit ed strong signs of curiosity and would spend up to one minute smelling and gently chewing the experimenter's clothes before casually retreating. At this stage, the dominant anim al in each pair would still be inclined to explore the experimenter less than would the submissive one.
By day 7, the anim als were fully habit uated to the experimenters and appeared to be comfortable with human interaction. For example, before entering the pen during`play time', the anim als would run up to the gate, give contented (slow) grunts and`wag' their tails (distinct from a tail-¯ick response indicative of stress). At this point (Fig 1, stage 4) , the anim als allowed unconditional access to their dorsal skin for up to one minute and the dominant animal in each pair tended to be ®rst to greet the experimenter within the pen.
On day 10, the T EWL probes and SRS meter were brought into the pens during feeding, and the animals were allowed to sniff the equipment before the tak ing of sham measurements (where the probe or meter was placed for up to 5 min on the dorsal skin sites). It was noted that the animals appeared to recognize the experimenters (Fig 1, stage 5) , as`visitors' such as part-ti me staff were viewed with the degree of caution exhibited at stages 2±3. At this stage, the animals were suf®ciently habituated to allow the dorsal skin sites to be close clipped.
On day 14, the animals were considered to be adequat ely habituated and measurements were taken dail y during feeding time for the duration of the study (Fig 1, stage 6 ). At this point, the animals were rewarded for compliance with a brief run outside the pens (or an occasional apple treat ) that served to reinforce their habituat ion.
Bio ph ysic a l m e a sure m e nts
Over the 50-day measurement period, the average T EWL rate was 5.97 1.57 g.m 72 . h 71 (coef®cient of variance (COV)ˆ0.273 ). T here was a steady increase in T EWL rat es between 14 and 25 days (Fig 2) , after which rates varied around 6.29 1.25 g.m 72 .h 71 (range 3.70±9.81).
Skin brightness (L * ) values were remark ably constant (COVˆ0.028 ), and averaged 70.1 1.94 (arbit rary units), range 64.76±73.00 (Fig 3) . Fig 4) , with an average value of 2.75 0.66 (range 0.8±4.23 ).
Discussion
T his study has demonstrated that noninvasive, biophysical skin measurements can be obtained from unrestrained, conscious, middle white pigs over a period of 50 days. T he middle white strain was primarily chosen for this study because of its relati vely slow growth rate, which was deemed important, since the relatively long durati on of the study could potentially produce a large, naturally playful animal that could present a hazard to the experimenter. T he middle white strain is also regarded to be more tranquil than the large white pig, making it a preferred strain for the habituat ion processes involved in this study.
T he behavioural responses of each anim al changed substant ially during the ®rst 7 days of intense human contact, ranging from fear (stage 1) to tolerance (stage 4). T his change was accompanied by a reversal in the order with which each anim al approached the experimenter: During the initial stages, the submissive animal would lead whereas in the latter stages, the dominant animal would be ®rst to advan ce towards the experimenter. Submissive leadership has been observed in pigs farm ed in paddoc ks (Anon 1974 ) , although other studies have indicated that leadership and social ranking are not necessarily interrelated (Meese & Ewbank 1973 ) .
After 14 days, the animals appeared to be fully habit uated to the experimenters, allowing almost uninhibited access to their dorsal skin region. T his compliance extended throughout the 7-week measurement period and could, no doubt, be extended further if necessary.
It is interesting to note that some degree of recognition occurred after approximately 10 days. When a`stranger' was introduced to the pen wearing overalls and boots previously worn for several days by a routine experimenter, the animals reverted to behaviour initially exhibit ed at stages 2 and 3 (Fi g 1). T his could im ply that, in addition to olfaction, pigs have a capacit y to identify humans by visual or vocal means.
T he establishment of compliant animals enabled measurements of T EWL and skin colour (SRS). Rates of T EWL can provide a quantitat ive measure of skin injury or can be used to monitor normal (circadian) variations in skin physiology (Yosopovitch e t a l. 1998 , Chilcott & Farrar 2000 . Most SRS instruments can provide quantitat ive measures of erythema (Lahti e t a l. 1993 ), blanching (Queille-Roussel e t a l. 1991 ) and pigmentation (Andersen e t a l. 1991 ). In particular, T EWL and SRS have previously been demonstrated to be useful tools for the quanti®cation of pig-sk in injuries following exposure to chemical warfare agents such as sulphur mustard and Lewisite (Chilcott e t a l. 2000 ) . In this study, daily measurements of T EWL and SRS were obtained from dorsal skin sites that were free of overt pathology, and rat es of T EWL measured (6.29 1.25 g.m 72 .h 71 ) compared well with previous values (7.56 2.90 g.m 72 .h 71 ) obtained from unrestrained Yucatan hairless micro-pigs (Gabard e t a l. 1995) . T he coef®cient of variance (an expression of the relative homogeneity of the distribution of T EWL and SRS values) at the dorsal skin sites was comparable with those reported in previous studies (Chilcott e t a l. 2000 ) using the same anat omical location, over an 8-day period (corresponding to days 0, 1, 3 and 7 of this study) with anaesthetized anim als (Table  1) . Moreover, variabilit y in T EWL and the redness colour parameter measured in this study were substantially lower than those obtained from anaesthetized pigs. T hese dat a imply that biophysical skin measurements obtained from unrestrained, conscious animals are a t le a st as reproducible as those obtained from anaesthetized pigs and, therefore, support the use of unrestrained pigs for non-invasive biophysical skin measurements. Furthermore, the number of animals used in this study (nˆ6) produced 7 weeks of continuous data, which is greater than previous studies (nˆ8) that provided only 4 days of comparable data (over an 8-day period).
A further advantage of using conscious animals is that anaesthesia may affec t peripheral blood¯ow and skin temperature; both fact ors that could conceivably affec t T EWL and skin colour measurements. Whilst the results of this study were not quantitati vely different from those measured previously under anaesthesia, it cannot be assumed that changes in T EWL and skin colour parameters following a chemical insult will be the same in both models. T herefore, biophysical skin measurements performed on conscious animals may represent a more appropriate model for quantifying the effects of skin-dam aging agents, providing that this does not cause any unnecessary discom fort to the animal.
To conclude, this study has demonstrated that in-pen monitoring of dorsal pig skin using non-invasive, biophysical techniques is feasible and that it is a viable alternative to other, more invasive techniques of assessing skin damage such as skin biopsy. Conditioning anim als to the scienti®c procedure offers many bene®ts, am ongst which is the fact that there is a reduction in the number of animals used and that their qualit y of life is increased. Both these factors have im portant im plications for continuing reduction and re®nement initiati ves which are of such im portance in scienti®c studies. Table 1 Coef cient of variance for transepidermal water loss (TEWL) and skin re ectance spectroscopy (SRS) parameters of skin brightness (L * ) and erythema (a * ) measured in this study (using unrestrained, conscious pigs) and a previous study using anaesthetized animals ( 
